Results Impression cytology specimens from normal and diseased ocular surfaces showed distinct expression patterns for K12 and MUC1. Healthy corneas expressed only K12 (but not MUC1), while conjunctivalised corneas from patients with limbal stem cell deficiency (LSCD) were characterised by the presence of MUC1 and the disappearance of K12. Similar clear-cut results were not seen with the K3/K19 markers, which showed lack of specificity and overlapping signals in cornea and conjunctiva impression cytology specimens. Conclusions The ability of K12 and of the antibody against MUC1 to discriminate clearly between limbus/ cornea and conjunctiva in impression cytology specimens could become a valuable diagnostic tool for ophthalmologists in order to evaluate alterations of the ocular surface and the grading of LSCD.
INTRODUCTION
Cornea, conjunctiva and lacrimal glands form the ocular surface of the eye and play an important role in preventing pathogen invasion, desiccation and injuries. 1 2 Stem cells are essential for the integrity of the ocular surface, by promoting renewal in healthy states and re-epithelialisation in wound healing. When limbal stem cells are damaged or destroyed (because of infections, chemical or physical burns, tumours or immunological diseases) the invasion of cornea by conjunctival epithelium, replete with goblet cells and vessels (ie, conjunctivalisation), occurs, 3 resulting in neovascularisation, corneal opacity and loss of vision. 10 A common feature to all these disorders is the depletion of stem cells from the limbus.
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Assessment of the presence of limbal stem cells is therefore essential for the diagnosis of limbal stem cell deficiency (LSCD) and to predict the outcome of ocular surface reconstruction. Diagnosis of LSCD relies on the confirmation of cornea conjunctivalisation, through either the presence of goblet cells 6 or the altered expression of keratins 14 15 in specimens obtained by impression cytology (IC). However, it is difficult to distinguish conjunctival epithelia from corneal epithelia by conventional cytology techniques (haematoxylineeosin, Periodic acideSchiff staining or Mucin 5AC staining) if there are no goblet cells in the sample. In addition, the keratin markers currently used are unable to distinguish clearly between limbus/cornea and conjunctiva. 16 17 The aim of this study is to improve the quality of diagnostic tests based on IC through the selection of more reliable markers of the ocular surface epithelia, namely keratin 12 (K12) and mucin 1 (MUC1), and quantification of their expression by means of laser scanning confocal microscope.
MATERIALS AND METHODS Human corneoscleral button samples
Nine corneoscleral buttons unsuitable for transplantation were collected from normal donors approximately 5e48 h after death. All specimens had intact conjunctival and limbo-corneal epithelia, and were chosen on the basis of characteristics previously described. 18 Corneas were evaluated through slit-lamp examination, and those not showing epithelial defects, dehydration, oedema or inflammation were chosen for further analyses.
Patients
Cytological specimens were collected by impression from six normal subjects (aged 60e74 years; table 1) and 12 patients (aged 2e78 years) with different degrees of conjunctivalisation. For each patient, details of age, cause of disease and previous treatments are indicated in table 2. The research study adhered to the tenets of the Declaration of Helsinki.
Cell collection and processing through IC
Sixty IC specimens were analysed. For validation studies, specimens were obtained from both eyes of healthy subjects (n¼6). For each donor, three IC specimens were taken from each eye: one from the temporal bulbar conjunctiva (2e8 mm from the limbus), one from the limbus and one from the central cornea (for a total of n¼36 specimens). For patients with ocular surface disorders (n¼12), two membranes were used for each affected eye (for a total of n¼24 specimens). To perform the IC, subjects were anaesthetised topically before a sterile membrane (Millicell CM 0,4 mm, Millipore, Bedford, Massachusetts) was gently pressed onto the ocular surfaces for a few seconds. To increase the number of cells collected, the ocular surface was slightly dried up by keeping the eye open before sampling. With this procedure, approximately 50e70% of the epithelial cells of the ocular surface were collected onto the membranes. Membranes were labelled to match the presence of specific markers with the sector of the ocular surface analysed. Cells were fixed with KitoFix (Kaltek, Padua, Italy). Membranes were cut with a blade, laid down into wells of a multiwell plate, mounted using a mounting medium containing DAPI (Vectashield, Vector Laboratories, DBA, Milan, Italy) and analysed by indirect immunofluorescence. All samples were tested through double immunofluorescence for both K3/K19 and K12/MUC1 expression as below described.
Immunofluorescence staining
Human corneoscleral samples fixed in 3% paraformaldehyde (overnight at 48C) were embedded in OCTcompound, frozen and 
RESULTS

Criteria for selection of markers to be used for analysis of IC specimens
The aim of this study is to select more reliable markers of the cornea and conjunctiva to use in IC specimens. Potential candidates should be expressed either in the cornea or in the conjunctiva, not secreted in the extracellular spaces and localised within the first apical layers of ocular surface epithelia. In fact, Z-stack analyses showed that the thickness of the specimens obtained through IC corresponds to that of just one cell layer (the apical one) and only occasionally includes the subapical cell layers (data not shown). Only the most superficial cells of the ocular surface are therefore collected onto the IC membranes and analysed.
K12 was chosen as previously reported to be restricted to the cornea 16 17 and mRNAs found in primary human corneal cells, but not in conjunctiva (data not shown). For the conjunctiva, we used a polyclonal antibody (H-295) raised against the amino acids 961e1255 mapping at the C-terminus of the human MUC1. 20 The antibody recognises all the MUC1 splice variants (evaluated through http://service.uniprot.org/clustalw), but not the secreted MUC1/SEC isoform. 21 K12 and MUC1 were compared with K3 and K19, previously reported to be suitable for identification of corneal and conjunctival epithelial cells in IC specimens. 14 15 Unlike K3 and K19, staining for K12 and MUC1 is restricted to cornea/limbus and conjunctiva, respectively
To evaluate the expression of K12, MUC1, K3 and K19, sections from corneoscleral buttons comprising corneal, limbal, and conjunctival epithelia were analysed.
As shown in figure 1 , strong K3 expression was observed in the suprabasal layers of the conjunctiva (figure 1A), the limbus ( figure 1B ) and all the layers of the cornea ( figure 1C) , suggesting a lack of specificity of K3. On the contrary, K12 expression was restricted to the corneal epithelium (all layers) ( figure 1F ) and the suprabasal layers of the limbus ( figure 1E ) only (although Figure 1 Expression of epithelial cell markers in corneoscleral buttons. Sections from corneoscleral buttons comprising conjunctiva, limbus and cornea were analysed to elucidate the expression pattern of keratin 3 (K3) (purple, AeC), keratin 12 (K12) (red, DeF), keratin 19 (K19) (yellow, GeI) and mucin 1 (MUC1) (green, LeN). Unlike K3/K19, K12 and MUC1 were specifically localised in the limbus/cornea and conjunctiva epithelia, respectively. Scale bar¼50 mm. (O) Whole corneoscleral button stained with antibodies against MUC1 and K12 allows to appreciate better the specificity of the two markers. Scale bar¼500 mm.
some weak staining was observed in the basal cells). As opposed to K3, K12 was never observed in conjunctiva ( figure 1D ), confirming that K12 is a specific marker of the cornea. 16 K19 was found expressed in the basal and suprabasal layers of all three epithelia ( figure 1G,H,I ). although expression levels in conjunctiva were slightly higher ( figure 1G ). In contrast, the expression of MUC1 was restricted to the superficial layers of the conjunctival epithelium ( figure 1L) and no, or below threshold levels, staining was observed in the limbus ( figure 1M ) and cornea ( figure 1N ). The ability of the H-295 antibody to recognise all the MUC1 splice variants together with the relatively higher abundance of MUC1 in conjunctiva 21 might explain the specific staining for the conjunctiva, despite studies reporting the expression of MUC1 also in the cornea. 22 23 K12/MUC1 compared with K3/K19 on IC specimens obtained from the ocular surfaces of healthy donors
To evaluate whether the results observed in corneoscleral buttons could be duplicated in IC specimens, samples were obtained from the ocular surfaces of healthy donors (n¼6). For each donor, six IC specimens were taken, three from each eye: two from conjunctiva, two from the limbus and two from central cornea. Samples were evaluated using K12/MUC1 markers and the results compared with those obtained with the K3/K19 markers.
Only one membrane was used for the double staining of each pair of markers. As shown in figure 2 , a distinct expression pattern was observed when the new markers were used: MUC1 was only expressed in conjunctiva ( figure 2A) and K12 in cornea (figure 2C ). Overlapping signals were seen when K3 and K19 were used, thus suggesting lack of specificity ( figure 2D,F) . Interestingly, the limbus, being in the middle, showed separate and clearly distinct stainings of K12 and MUC1 ( figure 2B, figure 3) .
The percentage of cells expressing K3/K19 and K12/MUC1 was evaluated through quantitative fluorescence immunohistochemistry (Q-FIHC) ( ) and MUC1 (61.365.6%) was nearly halved in the limbus, As expected, expression of both K12 (38.765.6%) and MUC1 (61.365.6%) was nearly halved in the limbus, the border between the cornea and the conjunctiva. An additional feature of Q-FIHC is to characterise the degree of overlap between two different fluorescent-tagged labels, thus allowing one to evaluate whether different cellular 'targets' are localised/expressed within the same cell. 19 All FI values (expressed as pixel intensity) can be plotted onto scatter diagrams and found within three different Figure 2 Impression cytology specimens taken from the conjunctiva, limbus and cornea of healthy donors (n¼6) and stained with fluorescentlabelled antibodies against keratin 3 (K3) (purple), keratin 19 (K19) (yellow), keratin 12 (K12) (red) and mucin 1 (MUC1) (green). An example is given for impression cytology specimens from one subject analysed for expression of K12/MUC1 (AeC) and K3/K19 (DeF). For each panel, staining is shown anticlockwise: K12 (or K3 in corresponding panels), MUC1 (or K19), merge and confocal microscope grid. K12 was expressed exclusively in the cornea and MUC1 in the conjunctiva. The limbus showed a distinct and separate staining of both markers. Overlapping and mixed signals were seen with K3 and K19 in all the three regions. Scale bar¼500 mm.
regions: in scatter region-1 or -2 if no coexpression is observed and in scatter region-3 when two markers are coexpressed. For K3/K19 markers, all pixels were found in scatter region-3, meaning that signals were colocalised within the same cell and/ or overlapping ( figure 4A,D) . As shown in table 1, all the subjects (n¼6) analysed with K3/K19 have 'colocalisation coefficients' close to 1, indicating their coincident expression within the same cell. In contrast for K12/MUC1 markers, FI values were shifted towards scatter region 1 and 2, thus meaning that cells are positive for either K12 or MUC1 (figure 4E,H). As shown in table 1, all the subjects (n¼6) analysed with K12/ MUC1 have 'colocalisation coefficients' close to 0, that is, no overlapping signals.
These results support the conclusion that K12 and MUC1 are more reliable than K3 and K19 for the detection of cornea and conjunctiva in IC specimens.
K12/MUC1 are compared with K3/K19 on IC specimens obtained from patients with ocular surface disorders After validating our IC technique in healthy donors, we evaluated whether it was also suitable for patients with ocular surface Figure 3 Details of the limbus area from impression cytology samples of three different healthy donors demonstrating the high specificity of keratin 12 (K12) (red) and mucin 1 (MUC1) (green). Similar results could not be obtained with keratin 3 (K3) and keratin 19 (K19) (data not shown). Scale bar¼100 mm. Figure 4 Evaluation of marker coexpression in impression cytology samples after quantitative fluorescence immunohistochemistry analysis. FI values (expressed as pixel intensity) from impression cytology samples stained for keratin 3 (K3) (B) and keratin 19 (K19) (C) or keratin 12 (K12) (F) and mucin 1 (MUC1) (G) were plotted onto scatter diagrams. For K3/K19, all pixels were found in scatter region 3 (A) meaning that markers were coexpressed within the same cell, and signals were overlapping, as clearly visible when signals for K3 and K19 are merged (D). For K12/MUC1, FI values were shifted towards scatter regions 1 and 2 (E), thus meaning no coexpression and higher specificity of the two markers, as is clearly visible when signals for K12 and MUC1 are merged (H). Scale bar¼100 mm.
disorders. Patients (n¼12) with a diverse range of disorders (figure 5, table 2) were asked permission to retrieve specimens from their ocular surfaces through IC. As expected, patients with completely conjunctivalised corneas (figure 5A) showed IC specimens characterised by the presence of MUC1 and the disappearance of K12 (figure 5B). In other patients (figure 5D), cells positive for K12 were rare and only seen in the central part of the IC membrane (figure 5E) as observed when the conjunctiva invades the central cornea. Our IC technique is therefore particularly useful in those cases difficult to diagnose solely on the basis of ophthalmological evaluations or characterised by sectoral LSCD/conjunctivalisation ( figure 5G,H) . This would not have been feasible with K3/K19 markers. As shown in figure 5C ,F,I, no clear-cut confirmation of conjunctivalisation could be obtained by IC solely. Signals were overlapping, and 'colocalisation coefficients' were close to 1 in all patients (table 2) .
DISCUSSION
IC is a minimally invasive technique, first reported in 1977, 24 allowing ophthalmologists to evaluate rapidly the 'health status' of ocular surfaces. Assessment of this feature requires (1) specific markers of the ocular surface epithelia and (2) the expression of these markers in the uppermost layers of the ocular surfaces. The aim of our study was to select more reliable corneal and conjunctival markers to use in a new diagnostic test based on IC and quantification of fluorescent-labelled signals through Q-FIHC analysis.
The weakest point of IC-based techniques is the choice of inappropriate markers, thus leading to errors in diagnoses. Despite initial reports identifying K3/K19 pair as potential putative markers for corneal and conjunctival epithelia, 15 these findings were no longer confirmed. 16 17 Our study is further evidence of the inadequacy of these two markers, since neither K3 was specific for the cornea, nor was K19 for the conjunctiva. On the contrary, K12 and MUC1 were found to be more suitable for the evaluation of IC specimens, as overlapping was minimal, and expression was more specific. Restricted expression of K12 in corneal cells has already been reported, 16 and the finding that K12 was more specific than K3 to identify corneal cells in IC specimens was therefore expected. For the conjunctiva, we chose a polyclonal antibody raised against the amino acids 961e1255 mapping at the C-terminus of the human MUC1 and able to recognise all the splice variants of MUC1. Expression was restricted to the conjunctiva in all our tests. Apparently, our results seem to be in contrast with other studies reporting the presence of MUC1 also in cornea. 21e23 Our hypothesis is that, while this is true, MUC1 is relatively more abundant in the conjunctiva. When MUC1 was evaluated through real-time PCR analysis of mRNAs, expression in conjunctiva was always found to be higher than in cornea or lacrimal glands. 21 In addition, when monoclonal antibodies (HMFG-1 and 139H2) directed against the core protein of MUC1 were tested, 22 only HMFG-1 was found able to bind to the apical cells of the cornea. Mice null for MUC1 showed increased frequency of conjunctivitis and Figure 5 Analysis of impression cytology specimens from patients with ocular surface disorders. Examples are shown for patients (Adpatient 3 from table 2) with completely conjunctivalised corneas, (Ddpatient 4 from table 2) with neovascularisation, but clear central cornea or (Gdpatient 2 from table 2) without apparently visible conjunctivalisation. Specimens were stained with antibodies against the keratin 12 (K12)/mucin 1 (MUC1) (B, E, H) or keratin 3 (K3)/keratin 19 (K19) (C, F, I) and signals quantified through quantitative fluorescence immunohistochemistry analysis. K3 (purple) and K19 (yellow) were not able to discriminate between cornea and conjunctiva. No overlapping signals were seen with K12 (red) and MUC1 (green). Scale bar¼500 mm.
